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In 10 human subjects, we measured the accuracy of saccades to remembered locations of targets 
that were flashed on a 20 x 30 deg random dot display, while they tracked a spot of light that 
stepped between three vertical locations. The background was either stationary or stepping 
horizontally in synchrony with vertical motion of the spot of light, a condition that induced a strong 
illusion of diagonal target motion. Memory-guided saccades were less accurate horizontally, but not 
vertically, when the background moved compared with when it was stationary. The horizontal 
component of memory-guided saccades correlated better with the position of the background when 
the target was flashed than with the position of the background at the end of the memory period. We 
conclude that the visual illusion corrupted the working memory of target location, but had a lesser 
effect on the estimate of gaze at the end of the memory period, which seemed to depend more on 
extraretinal signals. Published by Elsevier Science Ltd. 
Saccade Visual illusion Oculomotor Memory 
INTRODUCTION 
Saccades point the fovea of the retina at an object of 
interest so that it can be seen best. During natural 
behavior, we commonly aim saccades at the remembered 
locations of objects. I f  we detect an object of interest 
while we are engaged in visual tracking, and later decide 
to aim the fovea at it, then the brain must combine a 
memory of the location of the target when we first saw it 
with a record of the change in eye position during the 
intervening "memory period". 
We have recently shown that if targets are flashed 
while subjects track a variant of the Duncker illusion 
(Duncker, 1929), memory-guided saccades become 
inaccurate (Zivotofsky, Rottach, Averbuch-Heller, Kori, 
Thomas, Dell-Osso & Leigh, 1996). In these experi- 
ments, subjects smoothly pursued a spot of light which 
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moved vertically across a textured background that 
moved horizontally, a condition that induces a strong 
illusion of diagonal target motion (Fig. 1) but induces an 
eye-tracking response that is predominantly vertical 
(Zivotofsky, Averbuch-Heller, Thomas, Das, Discenna 
& Leigh, 1995), i.e., horizontal eye position remains 
close to zero. We found that when target lights were 
flashed during such illusory conditions, there was a 3-fold 
increase in the inaccuracy of the horizontal component of 
memory-guided saccades compared with control condi- 
tions when the background was stationary (no illusion). 
The accuracy of the vertical component of memory- 
guided saccades was unaffected by horizontal motion of 
the background. 
To account for the inaccuracy of memory-guided 
saccades during the illusory conditions, we formulated 
and tested a simple linear model that might represent the 
way that the brain programmed these movements (Fig. 
2). We made the assumptions that the illusory trajectory 
of target motion could cause either: (1) a misrepresenta- 
tion of the remembered location of the secondary target at 
the time that it was flashed; or (2) a misrepresentation of 
the direction of gaze at the end of the memory period, at 
which time the saccade was programmed. In this model, 
retinal error (er) is sampled as the difference between 
initial eye position (Ei) and target position at the time that 
the secondary target is flashed at position T. The brain 
combines a version of er (governed by gain ke) with an 
estimate of initial eye position to generate an internal 
representation of the craniotopic location of the flashed 
target, T', which is stored in "working memory". Eye 
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FIGURE 1. A graphical representation of the perception ofthe illusory diagonal trajectory of the primary target motion (small, 
dark spot) produced by the horizontally moving background. The actual target motion is purely vertical. In a previous tudy 
(Zivotofsky et al., 1996), the motion of target and background was sinusoidal. Inthe present study, these visual stimuli moved in 
a stepping waveform. The dwell times between the three step positions are given at the side. 
position might be estimated from an extraretinal signal 
such as efference copy, Ui, or be based on the illusory 
position of the primary target which is determined by the 
position of the background, Bi; k~ is a gain common to 
either. (Note that movement of the background gives the 
illusion of target motion in the opposite direction and this 
is represented by negative signs). At the end of the 
memory period, the brain subtracts current eye position 
from T' to program the command for a memory-guided 
saccade, E's. Again, eye position might be estimated from 
an efference copy of eye position, E'f, or be based on the 
illusory position of the primary target which is deter- 
mined by the position of the background, By. Since 
horizontal eye position was always close to zero 
(Zivotofsky et al., 1996), the positions of the background 
(B i and B r) were more likely to influence internal 
estimates of eye position than efference copy. Thus, 
one equation that we tested was: 
E~ -- [ke • er] + [ -B i  * ki] - [ -SS  * k~l. 
Our findings in that study suggested that both B i and By 
contributed to saccadic inaccuracy, and that the brain 
appeared to choose a visual estimate of gaze over one 
based on extraretinal signals such as efference copy. 
Memory-guided saccades made to targets flashed during 
saccadic tracking 
In our previous tudies, subjects tracked a sinusoidally 
moving target using smooth-pursuit eye movements. 
However, it seems likely that the situation would be 
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FIGURE 2. A simplified model representing possible steps in the programming of a memory-guided saccade during tracking of 
illusory target motion (see text for details). 
different if subjects tracked stepping target motion with 
saccades. For example, electrophysiological evidence 
suggests that the brain may process extraretinal signals 
for saccades differently than it does for smooth-pursuit 
movements (Newsome, Wurtz & Komatsu, 1988; 
Goldberg & Bruce, 1990; Goldberg & Wurtz, 1991). 
Furthermore, psychophysical studies indicate that loca- 
lization of targets is different if they are presented during 
saccadic as opposed to smooth-pursuit tracking (re- 
viewed by Matin, 1986). Therefore, the goal of the 
present study was to investigate he accuracy of memory- 
guided saccades if targets are presented during saccadic 
tracking of a target moving in a stepping waveform with 
an illusory trajectory (Fig. 1). We first compared errors of 
memory-guided saccades if the background moved 
horizontally (illusory condition) with those made during 
one control condition when the background was sta- 
tionary (no illusion), or with a second control during 
which visually guided saccades were made during 
background motion. We found that the illusory stimulus 
caused the horizontal components of memory-guided 
saccades to be more inaccurate than during the two 
control conditions. We then compared the relative 
importance of background position at the time of 
secondary target presentation (Bi) and at the end of the 
memory period (Bf), using the above equation. We found 
that misperception f the location of the target at the time 
that it was flashed was a more important factor in 
producing inaccuracy than misrepresentation f the 
direction of gaze at the end of the memory period. 
SUBJECTS AND METHODS 
Subjects 
We studied 10 normal subjects (eight male, two 
female, age range 26--49 years). Three of the subjects 
were myopes, and were able to wear their glasses 
because, as described below, the experiments were self- 
calibrating and the head was stationary. No subject was 
taking medication. Four subjects were nai've to the 
purpose of the experiments. All subjects gave informed 
consent in accordance with the Declaration of Helsinki. 
Stimulus and recording techniques. Details concerning 
he visual stimuli are described in the paper by 
Zivotofsky et al. (1996) and are briefly recapitulated 
here. Subjects viewed a red He-Ne laser spot ("the 
primary target") that was superimposed ona background 
consisting of black random dots on a white background 
("the background"). The primary target subtended 
0.2deg and its luminance was 6.1 ft-lamberts. The 
background subtended 20 x 30 deg; the luminance of 
its dark areas was 2.7 ft-lamberts, of its light areas was 
22.9 ft-lamberts and its mean luminance was 18.4 ft- 
lamberts, as measured with a Spectra Pritchard Model 
1980A Photometer. Both the primary target and back- 
ground were rear projected onto a semitranslucent 
tangent screen at a viewing distance of 1.2 m; the room 
was otherwise darkened. The background moved only 
horizontally and the primary target only vertically. They 
were controlled individually so that two modes were 
possible: only the primary target moving (vertically), or 
both moving. When both moved, motion of the primary 
target was synchronized to that of the background, 
producing a strong illusion of diagonal motion of the 
primary target (Zivotofsky et al., 1995). The horizontal 
component of the illusory motion was opposite to the 
direction of the background movement. In these experi- 
ments, the illusory movement was always from the upper 
left to the lower fight (Fig. 1). The driving stimulus in all 
experiments was a stepping waveform with different 
stationary periods at each location, as summarized in Fig. 
1. This waveform was selected to prevent anticipatory 
saccades, which we have previously reported to have an 
inappropriate horizontal component (Zivotofsky et al., 
1995); those predictive saccades that still occurred were 
discarded uring analysis. An additional red He-Ne laser 
spot ("the secondary target"), subtending 0.1 deg with a 
luminance of 130 ft-lamberts, could be projected to any 
coordinate on the tangent screen. Secondary targets were 
presented at 17 locations in a random sequence; these 
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FIGURE 3. Sample of horizontal eye movement response to the experimental paradigm. For eye movements and target position, 
rightward movements are indicated by upward eflections. The shutter control signal is offset near the top for clarity. For the eye 
position trace, I indicates the initial saccade (which overshoots he secondary target position), F indicates the final eye position 
in darkness, and C is eye position after the secondary target becomes visible and corrective saccades are made. 
positions were at 5 or 10 deg to the right, left, up, down, 
along the 45 deg diagonal lines, or at the center, and were 
selected so that they did not flash near the edge of the 
projected background. Presentation of each of the three 
rear-projected images (the background, primary target 
and secondary target) was determined by computer- 
controlled shutters. Horizontal and vertical eye rotations 
were measured using the magnetic search coil technique. 
Subjects held their head stationary by bracing it against a 
head rest. 
Experimental paradigms 
We conducted one experimental paradigm and two 
control paradigms. An example of the experimental 
paradigm (Memory-guided/Background moving) is 
shown in Fig. 3; both the primary target and the 
background moved in synchrony (illusory condition). A 
trial started with the subject racking the primary target, 
which was moving vertically as described above. After 
2.2 sec the secondary target was flashed for 75 msec on 
the tangent screen. It should be noted that the order in 
which secondary target locations appeared was random, 
and that the temporal relationship between the timing of 
primary target motion (Fig. 1) and secondary target 
presentation was dissociated. Subjects were instructed to 
continue to follow the primary target and not to make a 
saccade to the flashed secondary target location until the 
primary target and background were extinguished (the 
memory period, which lasted 2.1 sec). They were then to 
make a saccade, in darkness, to the remembered location 
where the secondary target had flashed. After an 
additional 2.5 sec, allowing time for the subject o make 
corrective saccades towards the remembered target 
location, the secondary target reappeared. The subject 
then refixated the secondary target, thereby correcting for 
any errors in the memory-guided saccade, and providing 
an internal calibration of the eye movement required to 
foveate the secondary target. 
For the first control paradigm (Memory-guided/Back- 
ground stationary), test conditions were similar to the 
experimental paradigm, except that the background 
remained stationary while the primary target jumped 
(no illusion). For the second control paradigm (Visually 
guided/Background moving), the background and pri- 
mary target both moved (illusory condition), but, when 
the primary target was turned out, subjects made visually 
guided saccades to the secondary target, which remained 
continuously illuminated after it was presented. Each 
experimental or control paradigm was tested in runs of 
seven trials, each trial lasting 8.0 sec; at the end of each 
56-sec run, subjects were given a brief rest. 
Before the eye coil was inserted and data collection 
begun, subjects were shown each of the three paradigms 
and some practice was allowed so that they understood 
what was required of them. We made sure that all 
subjects understood the instructions for each of the three 
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FIGURE 4. Tukey box plots of the median (middle line in boxes), 25-75% percentiles (lower and upper bounds of boxes) and 5- 
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trials. Asterisks indicate a significant (P < 0.05) difference for that subject. 
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paradigms and, specifically, that they should not look 
towards the remembered or seen location of the 
secondary target until the primary target was turned out. 
Data collection and analysis 
Horizontal and vertical gaze signals were low-pass 
filtered using Butterworth filters with a cut-off at 90 Hz 
prior to digitization at 200 Hz. We rejected trials in which 
subjects made saccades to the location of the secondary 
target before the primary target was turned off. We also 
rejected trials in which saccadic tracking of the primary 
target had horizontal components ( <5% of all trials). 
Using interactive programs, each trial was analyzed to 
calculate: (1) Initial error--the difference between the 
initial saccade size and the saccade size required to direct 
gaze towards the secondary target. (2) Final error--the 
difference between the total eye movements made in the 
dark and the required saccade. We measured the 
magnitude of the initial and final saccadic errors, rather 
than corresponding saccadic gain values because, in a 
prior study (Zivotofsky et al., 1996), we found that 
subjects may make saccadic eye movements substantially 
1292 A. Z. ZIVOTOFSKY et al. 
TABLE I. Summary of linear regression analysis* 
Initial error Final error 
Subject r ke ki k~- r ke ki kl" 
I 0.950 < 0.001 0.70 < 0.001 0.20 N.S. 0.04 0.959 < 0.001 0.86 < 0.003 0.13 N.S 0.01 
2 0.753 < 0.001 0.51 N.S. 0.024 N.S. 0.16 0.762 < 0.001 0.62 N.S. 0.10 N.S. 0.11 
3 0.913 < 0.001 0.93 < 0.001 0.36 < 0.015 0.16 0.921 < 0.001 0.77 < 0.001 (I.33 < 0.001 0.19 
4 0.969 < 0.001 0.77 < 0.001 0.32 < 0.007 0.13 0.966 < 0.001 (/.85 < 0.001 0.27 N.S. 0. l0 
5 0.946 < 0.001 0.77 N.S. 0.06 N.S. 0.03 0.972 < 0.001 0.87 N.S. 0.02 N.S. 0.02 
6 0.919 < 0.00l 0.56 < 0.010 0.10 N.S. 0.06 0.947 < 0.001 0.74 < 0.030 0.09 N.S. 0.04 
7 0.894 < 0.001 0.69 < 0.025 0.09 N.S. 0.08 0.963 < 0.001 0.96 < 0.001 0.17 N.S. 0.05 
8 0.809 < 0.001 0.50 < 0.001 0.21 N.S. 0.10 0.921 < 0.001 0.70 < 0.001 0.36 < 0.025 0.10 
9 0.817 < 0.00l 0.42 < (I.002 0.15 < 0.008 0.14 0.906 < 0.001 0.60 < 0.00! 0.27 < 0.05 0.10 
10 0.872 < 0.001 0.46 < 0.001 (I.07 < 0.040 0.07 0.932 < 0.001 0.58 < 0.001 0.30 N.S. 0.03 
*Data given for ke, ki, and kr are P values (above) and absolute values of gain or slope (below). 
greater than that required, resulting in large saccade gain 
values which would obfuscate other gain values. We 
computed absolute saccadic errors, since the subjects did 
not show consistent hyper- or hypometria (for the group 
of 10 subjects, the mean error of  initial horizontal 
saccades was 0.03 deg and of final horizontal eye position 
was -0 .11 deg). Because the distribution of values of 
absolute saccadic error was non-normal for several 
subjects, we used the Wilcoxon signed rank test to 
compare data for each subject between the experimental 
paradigm and each of the control paradigms. We tested 
the equation defined in the Introduction by the technique 
of multiple linear regressions. 
RESULTS 
Compar ison o f  saccadic errors under exper imental  and 
control condit ions 
In the horizontal plane, both initial and final errors of 
memory-guided saccades were generally greater during 
experimental Memory-guided/Background moving trials 
than during the first control Memory-guided/Background 
stationary trials [Fig. 4(A) and (B)]. Four subjects 
showed a significant (P < 0.05) difference, and paired 
comparison of  the median errors for the two conditions, 
for the 10 subjects as a group, showed a significant 
increase of  initial and final error (P---0.006) when the 
background was moving (illusion present). Median initial 
saccadic error was greater than median final saccadic 
error for the group (P < 0.05). The results were different 
for vertical components of  memory-guided saccades 
[Fig. 4(C) and (D)]; only subject 3 showed a significant 
(P < 0.05) difference, and paired comparison of the 
median error for the two conditions howed no significant 
increase of  initial or final vertical error for the 10 subjects 
as a group when the illusion was present. Thus, the 
increase in error of  the horizontal component of  memory- 
guided saccades could be attributed to movement of the 
background. 
When saccadic errors during experimental Memory- 
guided/Background moving trials were compared with 
saccades made during the second control Visually 
guided/Background moving trials, all subjects showed 
significantly smaller errors (P < 0.05) of  the horizontal 
component of visually guided compared with memory- 
guided saccades. Further, six subjects howed a decrease 
of the error of the vertical component of visually guided 
saccades (P < 0.05) and, for the ten subjects as a group, 
median error showed a significant (P < 0.004) decrease. 
Comparison of horizontal and vertical components of 
errors during visually guided saccades showed no 
significant difference. Thus, errors were greater for 
memory-guided than visually guided saccades, and 
horizontal movement of  the background had no sig- 
nificant effect on the accuracy of visually guided 
saccades. 
Analysis o f  causes o f  saccadic errors 
For the responses analyzed from these experiments, 
horizontal eye position remained close to zero. This was 
achieved by using motion of the primary target that 
discouraged anticipatory responses, which may contain a 
horizontal component (Zivotofsky et al., 1995), and by 
rejecting trials in which horizontal saccadic components 
occurred. Thus, in the simple model shown in Fig. 2, the 
contributions that extraretinal signals, such as efference 
copy, could make to estimating current eye position 
remain constant throughout trials. Our main goal, 
however, was not to compare extraretinal with visual 
influences on the programming of memory-guided 
saccades during our experiments, but rather to estimate 
the relative importance of background position at the 
time of secondary target presentation (Bi) and at the end 
of the memory period (Bu). We used the equation 
presented in the Introduction to fit data from experi- 
mental Memory-guided/Background moving trials for 
each subject. 
Results are summarized in Table i. The equation fitted 
the data well, and the initial and final values of horizontal 
components saccade size correlated significantly 
(P < 0.05) with B i in 8/10 subjects. The median value 
of  the gain of this effect (ki) was 0.18 for initial and 0.22 
for final eye position. The initial and final errors of 
horizontal components correlated less well with BU (4/10 
and 3/10 subjects, respectively). The median gain of  this 
effect (kj) was 0.09 for initial and 0.08 for final eye 
position. Retinal error, er showed the best correlation 
(P < 0.001) with saccade size, and the gain of  this effect 
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(ke) was generally greater for final than initial error of 
horizontal components. 
DISCUSSION 
In this study we demonstrated that a variant of the 
Duncker illusion causes memory-guided saccades to 
became inaccurate if the stimulus motion is stepping and 
eye tracking is saccadic. Horizontal movement of the 
background upon which targets were flashed caused the 
horizontal, but not vertical, components of memory- 
guided saccades to become less accurate compared with 
when the background was stationary. The errors of 
memory-guided saccades during this paradigm (about 
50% greater than without background motion) were less 
than previously reported (Zivotofsky et al., 1996) with 
smooth pursuit of sinusoidal target motion (a 3-fold 
increase over control). This result is consistent with prior 
reports of greater mislocalization of targets presented 
during smooth-pursuit compared with saccadic tracking 
(Mack, 1986; Matin, 1986). The difference in errors 
might reflect he disparate nature of saccadic and pursuit 
tracking ("sampled" vs "continuous" control) and 
dissimilar neural circuits--for example, the frontal eye 
fields vs the medial superior temporal visual area (MST) 
(Newsome et al., 1988; Goldberg & Bruce, 1990; 
Goldberg & Wurtz, 1991). It might also reflect different 
levels of attention, concentration and performance on the 
two tasks. 
Although movement of the background induced an 
illusion of diagonal target motion from the beginning of 
each trial until when stimuli were turned out (Fig. 3), we 
postulated that inaccurate programming of memory- 
guided saccades was due to sampling of the visual 
stimulus at two points in time: (1) when the secondary 
target was flashed; and (2) when the memory period 
ended and a saccade was initiated. To this end, we used 
an equation, derived from the simplified model of Fig. 2, 
to compare the influence of background position at target 
presentation (Bi) and at the end of the memory period 
(By). Both the initial and final saccadic errors correlated 
better with background position at the time of the target 
presentation rather than with background position at the 
end of the memory period. Although this equation 
ignores the influence of extraretinal signals, such as 
efference copy, such signals would largely reflect "zero" 
horizontal eye position, since we planned our experi- 
ments to exclude saccades with horizontal components, 
and excluded from analysis any responses that contained 
them. Overall, saccade size correlated best with the 
retinal error (the difference between the positions of the 
eye and the secondary target, at the time that the latter 
flashed). Thus, the present results suggest hat the brain 
relies more on the relative position of the visual stimulus 
(flashed secondary target with respect to the background) 
than on extraretinal information when visual information 
was not available (in darkness, at the end of the memory 
period). 
How might movement of the background cause the 
brain to incorrectly register the location of the flashed 
target? One possibility is that the brain's estimate of the 
direction of gaze is partly based on visual cues, which 
may override extraretinal estimates of the direction of 
gaze. Pelz and Hayhoe (1995) have recently presented 
evidence to indicate that, with whole scene afterimages, 
extraretinal information about eye movements can be 
suppressed. It is also possible that the location of the 
flashed target may have been mislocalized because of 
movement of the background, which provided a mis- 
leading "exocentric reference" (Karn, M011er & Hayhoe, 
1997). In support of this notion, Barton, Simpson, 
Kiriakopoulos, Stewart, Crawley, Guthrie et al. (1996), 
using the technique of functional magnetic resonance 
imaging (fMRI), demonstrated responses in human 
lateral occipitotemporal cortex during either fixation of 
a stationary target and movement of a background or of 
smooth pursuit of a target moving across the visual 
background, although signal intensity was greater with 
the latter. Thus, it seems possible that illusory stimuli 
such as ours present an ambiguity--as to whether the 
small stimulus is moving or the background is moving--  
to certain cortical visual areas. Under natural conditions, 
however, the visual background seldom moves, unless 
the subject is in motion, in which case vestibular signals 
influence responses in secondary visual areas (Thier & 
Erickson, 1992). On the other hand, the dissociation 
between the perception of a diagonal target rajectory and 
vertical ocular tracking might imply dependence on 
separate neural substrates (Mishkin, Ungerleider & 
Macko, 1983; Goodale & Milner, 1992), 
One other finding, common to the present and previous 
study (Zivotofsky et al., 1996) remains unexplained: final 
eye position in darkness (i.e., before the secondary visual 
target was turned back on) was generally more accurate 
than eye position after the initial saccade in darkness. It 
seems that the effect of the illusory stimulus on memory- 
guided saccades wanes, even though new visual informa- 
tion does not become available until the target light is 
reilluminated. This phenomenon should be differentiated 
from any "learning" effect gained from successive 
trials, since two subjects failed to improve their 
performance even after more than 600 trials in the prior 
study (Zivotofsky et al., 1996). Further experiments 
requiring subjects to look towards two or more 
remembered locations, or studying patients with focal 
cerebral lesions (Pierrot-Deseilligny, Rivaud, Gaymard, 
M0ri & Vermesch, 1995), may elucidate this issue. 
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